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ANNOTATION

The temperature, density and velocity distributions of macro-

scopic motion in Venus thermosphere are calculated, taking into ac-

count their interreaction at altitudes of 110 - 210 km for moder-

ately high solar activity. It is shown that the absorption of solar

radiation on the diurnal (daylight) side causes a global circulation

with vertical upward motion on the diurnal side, and downward motion

on the nocturnal side with velocities of several meters per second,

and with horizontal velocities of up to several hundred meters per

second away from the subsolar point in the upper thermosphere. The

temperature distribution in the Venus thermosphere is characterized

by a temperature drop from day to night of 8000 K at the subsolar

point, to 3000 K at the antisolar points. The calculated tempera-

tures are close to the experimental ones if the variability of the

temperature with solar activity is taken intoaccount.
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STRUCTURE AND DYNAMICS OF THE THERMOSPHERE

OF VENUS

M. N. Izakov and S. K. Morozov

Introduction

The thermosphere of a planet is defined as the region of the /3*

upper atmosphere where the thermal conditions are determined by the

absorption of short wavelength solar radiation (ultraviolet and x-

radiation), and by gas thermal conduction. In its lower part, con-

ditions are also determined by the infrared thermal radiation of the

atmosphere. Here, the temperature increases with altitude, and then

becomes isothermal. On Venus, the thermosphere is distributed at

altitudes above 120 - 130 km. Solar radiation absorption on the

diurnal side causes a significant difference between daytime and

nighttime temperatures, and causes macroscopic global motion in the

thermosphere.

Data on Venus upper atmosphere occupies an important place

among the data on its atmosphere, which were obtained recently from

satellites [1 - 3, for example]. Thus, the distribution of the hy-

drogen concentration with altitude was obtained from measurements of

Numbers in the margin indicate pagination in the original foreign
text.
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scattered Lyman-alpha hydrogen radiation. These measurements were

made by "Venus-4" [4 - 5] on the nocturnal side of the planet, and

by "Mariner-5" [6 - 8] on the diurnal side. The temperature of the /4

upper atmosphere was calculated from these profiles. The distribu-

tion of electron concentration with altitude was obtained from the

refraction of radio waves from "Mariner-5" as it approached and then

emerged from behind the planet [9 - 12]. The temperature of the

upper thermosphere was also determined from these measurements

[13, 14].

Empirical models of Venus atmosphere were constructed by gener-

alizing the experimental data [15, 16, 26]. The first theoretical

models of the thermosphere were constructed by interpreting the em-

pirical data by trying to understand the mechanisms which control

the temperature distribution in the thermosphere [17 - 25]. Our

work is devoted to constructing a theoretical model of Venus thermo-

sphere, which is free of several unjustified simplifications which

were used in previous models. It is related to our work on modeling

the Earth's thermosphere [30 - 31].

1. Statement of the Problem

1.1. Basic Equations

A planet's thermosphere can be considered to be a continuous

medium up to high altitudes, and the Navier-Stokes gas dynamic equa-

tions can be used to describe it.,(for regions where the ratio of the

molecular mean free path to the altitude scale is less than unity

[27 - 29]). The thermosphere of a planet is a thin gas layer, in

which the ratio of the characteristic vertical dimension (altitude

scale) to the characteristic horizontal dimension (planet radius)

is on the order of 10 -2 . It can be shown [27 - 29] that for global

processes in this thin layer, the Navier-Stokes equation can be

transformed, so that the equation for horizontal motion and the

energy equation reduce to the corresponding equations for boundary-

layer theory. The equation for vertical motion transforms to the
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quasi-static equation (barometric equation). By considering these /

transforms, it is possible to talk of using the "boundary-layer ap-

proximation". The main difference here is that the density and the

transfer coefficients change by several orders of magnitude along

the vertical axis.

It-is convenient to examine two variants of the model: a) with

a non-rotating mesosphere, and b) with a mesosphere that rotates

with a period of 4 terrestrial days in the same direction as the

planet.

a) Variant with a non-rotating mesosphere

Because of the very slow rotation of Venus around its axis, a

solar day on Venus is approximately 118 Earth days. On the other

hand, the characteristic time for establishing a thermal balance and

a macroscopic circulation is several days. Thus we can neglect the

rotation of Venus and consider a problem which is symmetric along a

line from Venus to the sun.

We choose a spherical coordinate system with its center at the

center of the planet. The axis 6 = 0 is directed toward the sun.

Because of symmetry, v = 0 and 8/( = 0. The basic system of equa-

tions for continuity, energy, inertia, quasi-statics, and state

has the form:

where t is time; p, T, P, m are the density, temperature, pressure /
and molecular weight of the gas; v, v are the velocity components;

S'I. are the coefficients of viscosity .ad thermal conductivity; QST

and QIR are the heat source and sink defined below.
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It can be assumed [21, 25] that the main component of the Venus

thermosphere is C0 2, since M = 44. Since a thin layer Ar = 100 km

is being considered, it is possible to take g = 830 m/sec2m and re-

place r in the equations by r0 
= 6150 km. We also use Cv = 6 . 106

erg/g-oK, r1 = 1.4 * 10 g/cm-sec, and i= i.5 103 erg/cm-sec-K.

Here, we neglect ionic friction, as compared to the model of

the Earth's thermosphere [30, 31]. This is possible since the Venus

weak magnetic field [32, 33] makes the ionic gyrofrequency much

smaller than the ion-neutral collision frequency. Thus there is not

much difference in the velocities of ions and neutral particles.

The possible presence of turbulence in the lower thermosphere

is not considered.

b) Variant with ' four-day rotating mesosphere

The Venus mesosphere at altitudes of 70 - 80 km rotates with a

period of 4 terrestrial days (at the lower latitudes) in the same

direction as the planet [47]. This rotation should be transmitted intol

the thermosphere through viscosity. Considering the rotation makes

the problem three-dimensional; however, in the first stage of the

investigation, we only consider the thermosphere in the equivalent

region, which lets us return to the two-dimensional problem.

We choose a static spherical coordinate system with the center

at the center of the planet, and the D = 0, = 0 axes along a line

from the planet to the Sun (e is latitude, and 4 is longitude) com- /7

puted from the subsolar point in the direction of the planet's

rotation). We will examine the thermosphere in the equatorial plane

e = 0. This is a satisfactory approximation, since the symmetry of

the problem with respect to the equator makes it possible to take

v = 0 for 0 = 0 (because of the small inclination of the plane of

the equator to the orbital plane of Venus). We assume here also

Dv /DO = 0. In analogy with the Earth's thermosphere [30, 31], it



can. be assumed that this approximation does not introduce any sub-

stantial error. We also make the same simplifications as.in the

first variant, and obtain the system of equations:
(re Ve) - • (1a)

1.2. Heat Source and Sink

The heat source in the planet's thermosphere is the ultraviolet

and x-ray solar radiation, which is absorbed and causes dissociation

and photo-ionization, with part of the photon energy being trans-

formed into heat [34 - 35]. Considering the predominance of CO2

in the Venus thermosphere yields a function of the form:

d d , are the cross/sections for ionization, dissociation, and total /8

absorption; a, i are the concentration and altitude scale of CO2

and are the thermal production efficiencies for ionization

and dissociation, that is, the fraction of the photon energy that is
transformed into heat; F(A r),F(,l ) are the spectral solar radiation

currents (erg/cm2 sec 1) at a given altitude and at the boundary ofthe atmosphere; and Creis the Chapman function. For actual calcula-

tions, fj= 0.3, ~ = 0.3. It was shown [35] that Chchanges with

altitude, but that crosssections 0.3 at altitudesfor ionization, dissociation, and totve
absorption takes place. The oncentration = 0.3 was obtained [37] by

comparing calculated and measured electron concentration profiles.
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The solar radiation flux was taken from [42, 43], and the cross

section - from [36]. For convenience, the Function (6) can be ap-

proximated by the formula:

pA-= ks Z A xP & f TCk) (8)

where A i and Bi are expressed in terms of the average cross section

and average current, and i - 1.2.

The heat sink emission of infrared radiation in the 15 micron

band from CO 2 was taken for an optically thin layer in the form [28,

38, 39]:

_T,, bn2eP pt-r)R[x)\ [ g ] (9)
cm -sec

where nB is the vibrational relaxa/tion parameter of the 15 micron

band of CO 2:and (x) is the screening function:

T 4) [ ](10)

and 4(x) is the screening function:

E - /03 _ ergi  xJ /i"erg/°K) (11)

A is the Einstein coefficient (A-1 = 0.37 sec). /9

Comparison with Dickinson's infrared radiation transport cal-

culations [40, 41] shows that Equation (9) gives sufficient accuracy\

,for our model.

Since the smallest period of regular change of the solar flux

S(, ") is roughly 27 days (the rotation period of the Sun around

its axis), we take Q,(r,) as a constant, seek a stationary solution

to the system (1 - 5), and consider the process fixed in time.
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1.3. Boundary and Initial Conditions

The basic system of equations (1 - 5) is a system of four dif-

ferential equations, two of second order and two of first order in r,

so that it is necessary to postulate six boundary conditions for r.

At the upper boundary r = rl, there are three conditions, which come

from the natural requirements that no heat, momentum, or mass escape

from the atmosphere"

_am lop 'r -)s0; r,,)=0. (12)

The choice of a lower boundary and the condition on it will

be discussed below.

We choose the lower boundary to be at an altitude of 110 km,

mainly because the solar ultraviolet source qST is negligibly small

at that altitude, as can be seen from calculations using the formulas

presented above. As a result, variations in temperature and density /10

along the horizontal should also be small. This is shown by results

obtained in radio eclipse experiments on "Mariner-5", where no dif-

ferences between day and night temperatures were found on the planet

for altitudes up to 90 km [10, 12].

On the other hand, the boundary can be placed at 110 km, since

the calculated results will show that the thermospheric vortex closes

above this boundary

Naturally, we would like to drop the lower boundary, to the

level of the upper boundary of the Venusian clouds, for instance.

However, this would greatly complicate the calculations for two

reasons. First, the approximation of an optically thin layer would

not be accurate enough for computing the infrared sink at the lower

For an examination of the asymptotic solution and the choice of the

condition f = 0 from the requirement of zero mass flux at

infinity, see [30].
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altitudes, so that here the complete radiation transport equation

would have to be used [40, 41]. Second, decreasing the altitude

increases the probability of descending into the lower turbulent

region, since the turbulent characteristics in the upper Venusian

atmosphere are not yet completely known.

From the above discussion, we set:

T(r. )T2000K )--= . - g/cm3  (13)

at the lower boundary. The numerical values of TO, p0 are taken

close to the values of the model [261].

Furthermore, in yar ant ",a" (non-rotating mesosphere), we set:

- fro, )O I0 (13a)

and in variant "b" (4-day rotation):

S(r,)0,>Jr 0 =I C/ m/sec (13b)

Because of axial symmetry, the problem can be examined in the /

half ring between 0 = 0 and 0 = f:

a o . 3 r/ o(14)

The starting data for variant "a" is the solution for the one-

dimensional model with a global average heat source US =-ar ,' .

In variant "b", we add .f ,')= 100m/sec at t = 0.

1.4. Computational Algorithm

The computational method is a development of the method given

in [30]. We note that the nonstationary nature of the calculational

problem consists of two parts. The first is the change of the den-

sity and the kinematic transfer coefficients by several orders of

magnitude along the vertical. The second is the spatial periodicity
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of the problem, in which perturbations die out. The initial system

(1 - 5) is rewritten in terms of the variables 2 -lg .T, c . .

For a numerical solution, the differential equations were replaced by

difference equations. A two-point i. l difference method was

used, which was implicit in r, and implicit but iteratively soluble

in e. This method allows us to reduce the problem solution for a

given iteration to the solution of boundary problems in r for a fixed

6. The first-order derivatives were approximated from two points,

and the second-order derivatives - from three. All derivatives were

taken from the upper layer. Nonlinear difference equations (*)

were solved iteratively at each layer 0 . Iterations over non-

linearities were combined with iterations on 0. The one-dimensional

linear boundary problem on the ray 0 = const was solved by the method /12

of elimination by choosing the maximum element in the column. The

zones in r were not constant, but decreased in size with increasing

r.. Calculations used 13 zones in e, and 21 zones in r (in variant

"b", there were 22 zones in ).

3. Results of the Calculations

Calculations were made with the model for conditions of moder-

ately high solar activity (corresponding to a solar radiation flux

at a 10.7 cm wavelength of F = 150 10-22 V/m2 Hz), for which

there are experimental data on the flux of short wavelength solar

radiation F.A0 [42]. In the calculations, the solution of the-one-

dimensional thermal conduction model for a globally averaged source

was used as the initial data, and the stationary regime was reached

after a time on the order of 3 to 5 Earth days.

Figure 1 shows the quantity , it- a\ as a function of the

angle 6 (la), and of altitude h (lb). It should be noted that the\

vertical scales are different above and below zero. The dot-dashed

Translator's note. Illegible in the original foreign text.
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curve was taken from a curve for the globally averaged source

a) Variant with a non-rotating mesosphere

Figure 2 shows the temperature distribution with angle e6(2a)

and altitude h (2b). The basic feature of the temperature distribu-

tion of the upper atmosphere To (in the isothermal region) is the

large difference of daytime and nighttime temperatures (T, = 8000 K

at the subsolar point, and Too = 3000 K at the opposite solar point).

The transition zone with the larger horizontal gradient is placed /13

within a rather narrow zone near the terminator. The broken curve

corresponds to the variant = 0, i.e., the one-dimentional conduc-

tion model with a 6-dependent thermal contribution. It can be seen

that the winds substantially reduce the contrast on the diurnal and

nocuurnal sides; in their absence, the difference would be higher

by several hundred degrees. The altitudinal temperature profile

(Figure 2b) reaches a plateau near 190 km at the subsolar point, and

near 120 km on the nocturnal side. The non-monotonic nature of the

temperature variation with altitude h should be noted at the lower

portion of the curve. The minimum temperature at r 130 km is caused

by a maximum in the infrared sink qlR' so that this non-monotonic

behavior is not a result of some error in the approximation for q.

The broken curve corresponds to the temperature corresponding to a

one-dimensional thermal conduction model with a globally averaged

source.

Figure 3 shows the distribution density with angle 0 (3a),

and with altitude h (3b).

Figure 4 shows the horizontal component of the velocity v0 .

It can be seen that the wind velocity exceeds 100 m/sec in a large

part of the thermosphere, with a maximum of , 400 m/sec near the

terminator.
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In the lower thermosphere at altitudes of 110 - 130 km, there

is a reverse flow region from the nocturnal to diurnal side. The

velocity here is not large.' However, the mass flux Pr7is signifi-

cant, so that the total flux through a section 6 = constant is close /14

to zero for any e. The vertical scales in Figure 4b are signifi-

cantly different above and below the abscissa.

Figure 5 shows the vertical velocity component v It can be

'een that vr is upwards on most of the daytime side, and has a value

of 1 m/sec in the upper thermosphere near the subsolar and antisolar

points, and reaches 4 m/sec near the terminator.

Figure 6 shows the velocity field in the Venusian thermosphere

(the vertical scale is\ 20:0 times larger than the horizontal scale).

The altitude region below 130 km is shown in a scale 20 times larger

than that used for higher altitudes.

In order to determine the role of the lower boundary conditions,

calculations were performed with a lower boundary placed at 120 km

under the condition that T = T O from 110 to 120 km. The solution

remained practically unchanged in the upper part. The vortices

closed partially below the region of the calculations. A calculation

was performed in which the condition 2-, replaced the condi-

tion fe 01 at the lower boundary. The solution was practically un-

changed.

These numerical experiments substantiated the fact that the

global phenomena in the thermosphere can be examined spearately from

other atmospheric layers to a first approximation.

b) Variant with a four-day rotation

Figure 7 shows the temperature distribution with angle 4 at

altitudes of 200 and 152 km in the equatorial thermosphere of Venus.
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For comparison, the broken curve was taken from an analogous distri-

bution with no rotation, corresponding to variant "a". It can be /15

seen that the effect of the four-day rotation somewhat displaces the

temperature curves for an altitude of 200 km, and increases the tem-

perature near the terminator by 30 - 400. The temperature remains

practically unchanged at an altitude of 152 km.

Figure 8 shows the distributions of the horizontal velocity

component v, and the vertical velocity component vr with angle 4.

Here, too, the broken curves are for ve6 and W, from variant "a" (in

the absence of rotation, so that the scale of ve is shifted by 100

m/sec relative to that for v , since we wish to compare velocity

after subtracting the rotation 4.1 with vs).

Comparison of variants "a" and "b" shows that adding a four-day

rotation to. the thermospheric winds shifts it in the direction of

rotation and distorts it such that the velocity near the nocturnal

terminator differs roughly by 100 m/sec, and by 200 m/sec near the

antisolar point (naturally, the numerical values are approximate,

since we neglected meridional flow in variant "b"). It -is iinportant

to note that motion in most of the upper thermosphere is directed

from the subsolar point to the antisolar point, independent of rota-

tion. That is, the wind velocity exceeds the rotation velocity in

a large region around the morning terminator.

The upward vertical velocity in variant "b" varies little from

that of variant "a". The downward vertical velocity in "b" is some-

what higher than in "a", and its shape is somewhat displaced at the /16

antisolar point.

Using the values of T and h from the model, we find that the

altitude of the thermopause or exosphere (where the mean free path

equals the scale height) is approximately h e  200 km at the subsolar

point, and he ' 150 km at the antisolar point. This indicates that
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use of the Navier-Stokes equations is not strictly valid at the

higher altitudes that were investigated. However, the resulting

errors are not large.

4; Discussion of the Results

An examination of the claculated results shows that there is a

close interrelationship between the thermal conditions and the global

motion in the Venus thermosphere. This indicates that it is im-

possible to construct a temperature and density distribution model

of the Venus thermosphere without including this interrelationship,

for example, by using the solution to the one-dimentional heat-

conduction equation, as was done in several works.

We will compare the results we obtained with the available ex-

perimental data. The temperature of the upper thermosphere was

com puted to be To, 3000 [4, 5] from the altitude scale for hydrogen

concentration, which was measured from the intensity of scattered

Lyman-alpha radiation from hydrogen by 1',Venus-4" on the nocturnal

side of the planet (for 0 1050). This result is very close to the

data of our model.

The temperature To on the diurnal side of the planet (fdXr

450 K)' was computed to be T "o 6500 K from the electron altitude

scale, which was measured by "Mariner-5" [9 - 12]. The result was

measured during solar activity that corresponded to F 0  = 120 1022

V/m2-Hz. The same value of T was obtained from the upper part ,of /17

the hydrogen concentration profile, which was also measured by

"Mariner-5" [6 - 8] (although some confusion remains, which is

related to the lower part of this profile,'see [44]).

The hydrogen profile, measured by "Mariner-10" [51] yielded

a value T u 4000 K for F 7  75 10-22 V/m 2 Hz. Our calcula-o\ 10.7
tions yielded a value T r 8000 K for a solar ultraviolet flux,

corresponding to F1 0.7 
= 150 10 2 2 V/m 2 Hz, which is in good

13



agreement with experimental data, allowing for the dependence of T.

on the solar activity. It is interesting that the dependence of T.

on F10.7 (as determined from these three points) is practically

linear.

Since the temperature from the model corresponds with the ex-

perimental temperature, the value of the short wavelength solar

radiation flux, used in the calculations, is sufficient for the ob-

served thermospheric heating.

We computed a profile of the electron concentration (for photo-

chemical equilibrium) from profiles of T and p that we obtained from

the model. The calculated electron profiles were close to the ex-

perimental ones [11]; the maximum ne was 5.5 • 105 cm - 3 from experiment,

and 4.5 - 10 cm from the model; the altitudes for the maxima were

143 and 147 km, respectively.

Comparison of variant "a" of our mode1 with Dickinson"s model

[24, 25] shows that, aside from some similarities (similar tempera-

tures T. at the subsolar and antisolar points and'maximum wind velo-

cities), the models are quite substantially different. The main /18

differences of Dickinson's model from our model are as follows. His

model has no reverse flow in the mesosphere up to 95 km. His has a

completely different altitude profile of the horizontal wind velocity,

with large velocities of 300 - 500 m/sec at 115 - 120 km, following

a decrease at 130 - 135 km, and with new increases at higher alti-

tudes. (The source of this wind increase in the lower thermosphere,

where the heat source is negligibly small, from Figure ib, is com-

pletely unclear.) His vertical velocities are much smaller, and are

close to zero near the terminator, while our model has a maximum for

the vertical velocities in the upper thermosphere near the termi-

nator (Figure 5a). There are also differences -in the spatialdi

tributions of] the temperature, although the temperature differences

between the diurnal and nocturnal sides are similar,, especially from

[25], where Tc u 7000 at the subsolar point, and T t 3000 at the
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antisolar point. We feel that Dickinson's model contains very

strong limitations. First of all, he linearizes the equations and

throws out terms of the type 'vJ , which is not correct for the

thermosphere, where variations in T, p, v are not small compared

with their average values. Furthermore, he expands the solution

functions in a spherical harmonic series and uses a small number

of harmonics.

Since the reverse flow occurs at rather large altitudes, then

the mass transfer hardly helps in the recombination of CO and 0 (as

assumed in [25]). Without turbulent transfer, it -is impossible to /19

explain the CO2 in the thermosphere in the presence of fast photo-

dissociation and slow recombination (see, for example, [45, 46]).

However, aside from the noted deficiencies, Dickinson's model played

an important role as the first model which attempted to evaluate

the interaction of the thermal conditions and the motions in the

Venus thermosphere.

Conclusions

The constructed model and the comparison of the model with

experimental data indicates the following basic features of Venus

thermosphere.

The temperature distribution is characterized by large differ-

ences of the upper thermospheric temperatures T. between the diurnal

and nocturnal sides of the planet: for moderately high solar activity,

corresponding to F 0 = 150 10 - 2 2 V/m 2 Hz, T_ 8000 K at the sub-

solar point, and T_ 3000 K at the antisolar point.

In the absence of rotation, the winds in the thermosphere form

a single vortex, in which the gas rises on the diurnal side, trans-

ports in the upper atmosphere into the nocturnal side, then sinks and

returns from the nocturnal side to the diurnal side in the upper

mesosphere at an altitude range of 115 - 130 km, where the heat
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source from short wavelength solar radiation is negligibly small.

Here, the horizontal wind component in the upper thermosphere has a

value of 100 - 400 m/sec, which increases toward the terminator, and

is of the order of 10 m/sec in the reverse flow in the mesosphere.

The vertical wind component is upward over most of the diurnal hemi-

sphere, and downward on the nocturnal side. Its value is 1 - 4

m/sec in the upper thermosphere, and also has a maximum near the /20

terminator.

A four-day rotation of the mesosphere is transmitted into the

thermosphere and shifts the thermospheric vortex somewhat in the di-

rection of rotation. The temperature and density distributions are

changed slightly.

The model indicates 'a strong interaction of the thermal condi-

tions and motions in the thermosphere. In particular, the vertical

wind component operates as a noticeable local heat -source and sink]

through adiabatic compression and expansion of the gas in the gravi-

tational field.

Temperatures from the model agree with experimental data, tak-

ing into account the variation -ofthe data with solar activity.
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Figure 1. Distribution of the heat source of the Venus thermosphere
q (erg/g-sec) with angle 0, and with altitude h. q is the globally
averaged source. Scales are different for the positive and negative

values of q
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Figure 2. Distribution of temperature T in a non-rotating Venus
thermosphere with angle 0 and with altitude h. The dashed curve is
for zero velocity. The dot-dashed curve is the global average
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Figure 3. Distribution of the density p and concentration r
in a non-rotating Venus thermosphere with angle 0 and alti-

tude h
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Figure 4. Distribution of the horizontal component of the wind
velocity v, in a non-rotating Venus thermosphere with angle e

and altitude h. The scale is different forthe positive direc-

tion (from the subsolar to antisolar points) and the negative
direction
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Figure 5. Distribution of the vertical component of the wind
velocity vr in a non-rotating Venus thermosphere with angle e

and altitude h
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Figure 6. Wind velocity distribution in a non-rotating Venus
thermosphere
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Figure 7. Temperature T distribution with angle in the
equatorial region of a Venus thermosphere that rotates with
a period of 4 terrestrial days (solid curve), and of a non-

rotating thermosphere (broken curve)
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